We examined alterations in the cyclic AMP generating system and G protein subunits in gerbil hippo campus following 10 min of transient ischemia. In hippo campal slices, basal and isoproterenol-and forskolin stimulated cyclic AMP accumulations were markedly in creased at 6 and 24 h after ischemia. Interestingly, both the inhibition of forskolin-stimulated cyclic AMP and the potentiation of �-adrenoceptor-stimulated cyclic AMP by a -y-aminobutyric acidB receptor agonist were attenuated at these time points. Ischemia did not affect the immuno labeling of any of the G protein ex subunits; only that of � subunits was significantly decreased, by 28.2%, 4 days after ischemia. In contrast, pertussis toxin-catalyzed
e2p]ADP ribosylati�n declined progressively during the late recirculation period, reaching a significant reduction (25.4%) at 6 h after ischemia. These results suggest that ischemia affects the heterotrimeric conformation (ex�-y) of G/Go during the recirculation period, thereby leading to increased cyclic AMP production. Because cyclic AMP dependent protein kinase A modulates the ex-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid-kainate re ceptor channels, postischemic sensitization of the cyclic AMP generating system may contribute to neuronal de generation in the hippocampus. Key Words: Cross-talk Cyclic AMP-Gerbil-G protein-Hippocampus Ischemia. Kirino and Sano, 1984) . Sustained Ca 2 + influx and derangement of intracellular Ca 2 + homeostasis are thought to be among the most important factors in postischemic neuronal degeneration (Siesj6 and Bengtsson, 1989; Silver and Erecinska, 1992 ). An dine et ai. (1988) have also demonstrated enhanced Ca 2 + uptake in the dendritic region of the CAl of rat hippocampus 6-8 h after ischemia; interestingly, this Ca 2 + uptake in the CA 1 region is partially blocked by the N-methyl-D-aspartate (NMDA) re ceptor antagonist (+ )-5-methyl-l0,II-dihydro-5H dibenzo [a,d] cyc!ohepten-5, 10-amine maleate (MK-801) but completely prevented by the ex-amino-3hydroxy-5-methyl-4-isoxazole proprionate (AMPA) receptor antagonist 2,3-dihydroxy-6-nitro-7sulfamoylbenzo(f)quinoxaline (NBQX) (Andine et aI., 1992) .
In contrast to most pharmacological investiga tions, AMPA receptor antagonists have been re ported to exert protective effects on CAl pyramidal cells against transient ischemia even when admin istered during the recirculation period both in ger· bils and rats (Sheardown et aI., 1990; Diemer et aI., 1992; Nellgard and Wieloch, 1992; Pulsinelli and Cho, 1992) , and this protective effect has been re ported to be observed for up to 12 h after the isch emic insult (Li and Buchan, 1993) . Activation of AMP A-kainate receptors induces membrane depo larization, and this may, in turn, activate both NMDA receptors and voltage-dependent Ca 2 + channels, which would result in an increased Ca 2 + influx. The mechanism(s) underlying the possible increase in AMPA-kainate-mediated Ca 2 + influx by transient ischemia has(have), however, not been fully elucidated. In this context, it is noteworthy that the response of AMPA-kainate receptor chan nels to the endogenous agonist glutamate has been shown to be regulated by cyclic AMP (cAMP) dependent protein kinase A (PKA) in cultured hip pocampal neurons (Greengard et aI., 1991; Wang et aI., 1991) , and studies have demonstrated that the tissue concentration of cAMP in the hippocampus is increased during transient ischemia and/or in the early phase of recirculation both in rats (Blomqvist et aI., 1985) and in gerbils (Mrsulja et aI., 1989) . These studies have not, however, examined the functioning of this critical second-messenger gener ating system during the late recirculation phase af ter ischemia. Since AMP A receptor antagonists can still exert neuroprotective effects on the CAl pyra midal cells during the late recirculation period, and since the sensitivity of the AMPA-kainate receptor can be regulated by PKA, we undertook the present study to investigate if there are functional changes in the hippocampal cAMP generating system during this time period. To elucidate the mechanism(s) un derlying any ischemia-induced alterations in the cAMP generating system, we have used immuno blotting with specific antibodies and toxin-cata lyzed e 2 p]ADP ribosylation to investigate the ef fects of transient ischemia on both quantitative and qualitative changes in various guanine nucleotide binding protein (G protein) subunits in gerbil hippo campus. 
MATERIALS AND METHODS

Materials
Induction of ischemia and sample preparation
Female Mongolian gerbils (Meriones unguiculatus;
weighing 60-70 g) were obtained from Tumblebrook Farm (West Brookfield, MA, U.S.A.). Animals were housed in Plexiglas cages for at least 7 days before experiments on a 12-h dark/light cycle. All animal use procedures were in accordance with the National Institutes of Health (NIH) Guide fo r the Care and Use of Laboratory Animals and were approved by the National Institute of Mental Health Animal Care Committee.
Animals were anesthetized with 2% halothane in a mix ture of 70% nitrous oxide and 30% 02' After both com mon carotid arteries were exposed, the halothane was discontinued to minimize its effects. Transient forebrain ischemia was induced for 10 min by clamping both carotid arteries with Heifetz aneurysm clips. Throughout the op eration, the rectal and temporal muscle temperatures were monitored and regulated close to 37.0°C with a heat ing lamp and a homeothermic blanket control unit. Those animals that did not achieve a rectal temperature above 37.soC within 10 min of recirculation were excluded from the experiments. We observed seizure-like activity within 1 h of transient ischemia in 35% of the original animals. These animals were also excluded from the subsequent cyclic AMP or G protein studies. We did not observe seizure activity during ischemia or within 10 min of recir culation. Once the animals recovered and demonstrated normal movement after the recirculation phase, they were returned to their cages and fed ad libitum.
For G protein immunoblotting and toxin-catalyzed [32P1ADP ribosylation studies, the animals subjected to ischemia were decapitated with a guillotine at various times: immediately upon termination of ischemia and then with animals awake at 10 min, 1 h, 6 h, 1 day, and 4 days later (n = 6 at each time point). Gerbils receiving only anesthesia and an operation without clamping both carotid arteries were used as controls (n = 6) and were decapitated 10 min after discontinuation of anesthesia. Immediately after decapitation, the heads were quickly frozen in liquid nitrogen and the hippocampi were dis sected on ice. We did not perform a microscopic exami nation for the detection of pathological changes in this study. The tissues were homogenized with a Teflon ho mogenizer in ice-cold buffer containing 20 mM Tris-HCI (pH 7.4), 2 mM EDT A, 0.5 mM ethyleneglycol-bis(jj aminoethyl ether)-N,N' -tetraacetic acid (EGTA), 10 fLg/ ml leupeptin, 10 fLg/ml aprotinin, and 0.2 mM phenyl methylsulfonyl fluoride (PMSF). The homogenates were centrifuged (600 g, 12 min, 4°C) and the supernatants re centrifuged (35,000 g, 30 min, 4°C) to pellet the membrane fraction. The pellets were resuspended in the same buffer and stored at -80°C, after determination of protein con centrations using the protein assay kits by the method of Bradford (1976) .
Gel electrophoresis and immunoblotting
The linearity of the plasma membrane protein concen tration for Western blotting was ascertained by resolution of selected concentrations of protein (between 10 and 200 fLg). Subsequent studies were performed using a protein concentration known to be within the linear range for immunolabeling of the G protein sUbtypes (40 fLg). West ern blotting was performed on all samples in duplicate using previously described procedures (Mumby et aI., 1986; Masana et aI., 1992; Simonds et aI., 1993) with se lective antibodies directed against synthetic decapeptides corresponding to the carboxy termini of the respective Gas, Ga il/2' GajJ, Gao, Gaq /!! , and GI3 subunits (all from Dupont). In brief, 40 fLg of membrane protein was solu bilized in denaturing buffer (Laemmli, 1970) and proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels. Proteins thus resolved were electrophoretically transferred onto nitrocellulose paper. Protein binding sites on the nitrocellulose were blocked with low detergent Blotto [which is composed of Tris-HCl, pH 7.5, 10.0 mM EDTA, 1% Triton X-IOO, 2% (wt/vol) nonfat dry milk, 0.01% sodium azide]. After thorough washing with distilled water, the blots were incubated at room temper ature overnight with specific polyclonal anti-Gas, anti Ga i!/2' anti-Gai 3 ' anti-Gao, anti-Gaq/!!' and anti-GI3 anti sera (all diluted 1: 1,000 in Blotto) and, after appropriate washing, were incubated with 125I-labeled protein A (Am ersham, Arlington Heights, IL, U.S.A.) for 2 h at room temperature. The labeled blots were then washed, dried, and exposed to x-ray film with intensifying screens at -80°C. Quantitation of the immunoblots was performed by densitometric scanning of the autoradiograms using an Image Analysis system (NIH 1.47 ). An aliquot of pooled "standard" gerbil hippocampal membranes was run on one lane of every gel, and the immunolabeling was cal culated relative to this standard. Data were normalized against pooled gerbil hippocampal membrane fractions, which were run on all blots to minimize between-blot variability.
Toxin-catalyzed [ 32 p]ADP ribosylation
CT-and PT-catalyzed labeling of gerbil hippocampal membranes was performed using previously described methods (Masana et aI., 1992) . The linearity of the hip pocampal membrane protein concentration for CT-and PT-catalyzed 32p labeling was ascertained by resolution of selected concentrations of membrane protein (between 20 and 400 fLg). Subsequent studies were performed using protein concentrations (100 fLg) known to be within the linear range for both CT-and PT-catalyzed 32p labeling. In brief, 100 fLg of membrane protein was added to a 60-fLl solution consisting of 12.5 mM Tris-HCI (pH 7.5), 10 mM thymidine, I mM ATP, I mM GTP, I mM EDTA, IOmM MgCI 2 (for CT), 10 fLM NAD, and 63 nM [32p]NAD (800 CiJmmol). The reaction was started by the addition of the toxin mixture, either 48 fLg of CT (10 fLI) or 1.2 fLg of PT (10 fL\), which had been preactivated by incubating in 10 mM dithiothreitol, 0.4 fLM 5' -adenylylimidodiphosphate (for PT), and 0.04% SDS (for CT) for 30 min at 37°C and by adding 75 mM Tris-HCI (pH 7.5) and 0.05% bovine serum albumin, and incubated for 45 min at 37°C. CT-and PT -catalyzed [32p]ADP ribosylation of all samples was performed in duplicate. Labeled membranes were washed in ice-cold buffer, and proteins were solubilized and subjected to SDS-PAGE on 10% polyacrylamide gels using the method of Laemmli (1970) . The gels were dried and exposed to an x-ray film (Kodak X-omat, Rochester, NY, U.S.A.) with an intensifying screen at -80°C. Esti mation of the molecular weights of labeled protein bands was made by comparison with molecular weight stan dards. An aliquot of pooled "standard" gerbil hippocam pal membranes was run on one lane of every gel, and the quantitation of 32p incorporation was calculated relative to this standard.
Slice preparation and cAMP analysis
Hippocampal slices were prepared from animals at 6 and 24 h after ischemia (n = 20 and n = 16, respectively) and from animals receiving an operation without ischemia as controls (n = 24). Immediately after decapitation with a guillotine while awake, the hippocampi were dissected at 4°C and cross-chopped slices (350 x 350 fLm) were prepared using a McIlwain tissue chopper. Chopped tis sue was washed and incubated in Krebs buffer of the composition (mM) 119.5 NaC!, 3.3 KCI, 1.3 CaCI 2 , 1.2 KH 2 P04, 1.2 MgS04, 0.03 EDTA, 25 NaHC0 3 , 0.6 ascorbic acid, and II glucose (equilibrated with 95% 0zl 5% CO 2 , pH 7.4) at 37°C for 40 min. After several rinses with warm Krebs buffer, an aliquot (30 fLI) of gravity packed tissues was transferred to polyethylene tubes and incubated in 240 fLl of Krebs buffer containing a 200 fLM concentration of the cyclic nucleotide phosphodiesterase inhibitor R020 1724 (Winder and Conn, 1993) for 20 min before the addition of specific drugs. At this point, 30 fLl of the agent of interest or its combination dissolved in the Krebs buffer (final concentration, 100 fLM) was added. When forskolin (final concentration, 30 fLM) was used, the same volume of 0. 1% DMSO was used as vehicle. After the addition of drugs, tubes were regassed, and the tissue was incubated for another 10 min at 37°C in the shaking water bath. The reaction was terminated by the addition of an equal amount of ice-cold 0.1 M HCI to each tube (final volume, 600 fLI). Samples were rapidly placed on ice, sonicated for 10-15 s, and stored at -80°C, after determination of protein concentration. On the day of the cAMP assay, samples were centrifuged (35,000 g, 10 min, 4°C) and an aliquot of the supernatant was diluted I: lOin water for cAMP content determination. The cAMP was quantitated by radioimmunoassay using commercially available cAMP kits.
Datum analyses
All results were expressed as means :±: SD and statis tically analyzed using analysis of variance (ANOV A) fol lowed by Newman-Keuls procedure. A probability level of p < 0.05 was considered statistically significant.
RESULTS
Effects of transient ischemia on cAMP production
The effects of various agents on cAMP accumu lation were investigated in hippocampal slices from control and treated animals (Fig. I) . The J3-adreno ceptor agonist isoproterenol (100 J.LM) significantly increased cAMP accumulation, from a basal level of 87 ± 12 to 242 ± 59 pmol/mg protein (p < 0.01). The "Y-aminobutyric acidB (GABAB) receptor agonist baclofen (100 J.LM) alone did not significantly affect cAMP accumulation; in contrast, it markedly po tentiated the response to isoproterenol (100 J.LM) (to 431 ± 75 pmol/mg protein; p < 0.01).
Following ischemia, basal cAMP levels were sig- nificantly elevated (6 h, 150 ± 28 pmol/mg protein, p < 0. 05; 24 h, 160 ± 33 pmol/mg protein, p < 0.05). Moreover, the response to isoproterenol (100 I-LM) was markedly increased (6 h, 569 ± 142 pmol/mg protein, p < 0.01; 24 h, 454 ± 89 pmollmg protein, p < 0. 05) (Fig. 1) . Although the cAMP response to the combination of isoproterenol plus baclofen was also increased 6 h after ischemia (to 688 ± 13 1 pm oIl mg protein; p < 0. 05), the magnitude of this poten tiation (percentage increase) was less than that of control tissue (Fig. 3 ). To ascertain that this was not due simply to a "ceiling effect" (that is, having reached maximal stimulation of cAMP for the sys tem), we examined baclofen's potentiating effect using a lower isoproterenol concentration (50 I-LM) (Fig. 1) . Similar to the experiments using 100 I-LM isoproterenol, baclofen markedly potentiated the cAMP response in the control group (from 179 ± 38 to 382 ± 50 pmol/mg protein; p < 0. 0 1), but this potentiating effect was much lower following isch emia (Fig. 3) .
To determine if this diminished response to bac lofen represented a generalized effect of ischemia on intracellular cross-talk or was specific for GABAB receptors, we also investigated the effects of the selective a 2 -adrenoceptor agonist UK 14,304 (Fig. 2) . Although UK-14,304 (100 I-LM) did not af fect basal cAMP levels, it also potentiated 100 I-LM isoproterenol-stimulated cAMP accumulation (to 372 ± 61 pmol/mg protein; p < 0. 05). Similar to the observations with baclofen, the magnitude of the potentiating effect of a 2 -adrenergic stimulation was reduced following ischemia, although this did not reach statistical significance (Fig. 3 ). Since isch emia alters extracellular norepinephrine levels (Glo bus et aI., 1989), we investigated the effects of this endogenous adrenoceptor agonist on the cAMP generating system. Norepinephrine produced a large increase in cAMP accumulation at 100 I-LM (to 307 ± 84 pmol/mg protein; p < 0.01) in the control group, and an enhanced cAMP response was ob served 6 h after (to 619 ± 142 pmol/mg protein; p < 0.05), but not 24 h after, ischemia (Fig. 2) . To investigate if the altered cAMP responses af ter ischemia were due to receptor or postreceptor changes, we also examined the effects of forskolin, which is presumed to exert its major effects via di rect stimulation of adenylyl cyclases (Seamon and Daly, 1986) . Forskolin (30 /-lM) markedly increased cAMP accumulation (476 ± 80 pmol/mg protein; p < 0.01) in the control group; the response to for skolin was markedly increased at both 6 and 24 h after ischemia (Fig. 4A ). Both the GABAB agonist baclofen (100 /-lM) and the a 2 -adrenoceptor agonist UK 14,304 (100 /-lM) significantly inhibited forsko lin-stimulated cAMP accumulation (by 53. 3 ± 7. 3 and 37. 9 ± 10. 1%, respectively) in the control group, but these inhibitory effects were signifi cantly attenuated following ischemia (Fig. 4B ). The monoclonal antibodies raised against Gas, Gai l/2 ' Gai3, Gao, Ga q/ 11' and Gi3 specifically recog nized distinct G protein subunits in hippocampal membranes prepared from control and treated ger bils. Immunoblotting using these antibodies demon- strated only modest alterations in the immunolabel ing of most G protein subunits examined following ischemia (Fig. 5 ). No significant alterations were observed in the immunolabeling of any of the G protein a subunits examined during and up to 4 days after ischemia (data not shown); only the immuno labeling of Gi3 was significantly decreased, by 28.2 ± 17. 7% (p < 0.05), 4 days after ischemia (Fig. 6) . Figures 7 and 8 show the effects of ischemia on CT and PT-catalyzed e 2 p]ADP ribosylation in hippo campal membranes. CT catalyzed the [ 3 2 p]ADP ri bosylation of proteins migrating at 52 and 45 kDa (representing the long and short forms of Gas), while PT catalyzed the e 2 p]ADP ribosylation of a 40-kDa protein band, which likely represents the e 2 p]ADP ribosylation of Gao (39 kDa) and Gail_3
(4 1 kDa). As shown in Fig. 8, 10 
DISCUSSION
In the present study, we have demonstrated that, similar to the situation observed in rat brain (Bourne and Nicoll, 1993; Iyengar, 1993) , there is a complex regulation of adenylyl cyclase activity by multiple receptors in gerbil hippocampus. This complex regulation likely represents heterogeneity within the family of adenylyl cyclases, which show strikingly different regulation by G protein i3'Y sub units (Tang and Gilman, 199 1; Federman et aI., 1992; Taussig et aI. , 1993) . Thus adenylyl cyclase type 1 and 3 enzymes show modest inhibition by free i3'Y subunits (Tang and Gilman, 199 1; Federman et aI. , 1992; Taussig et aI. , 1993) . In contrast, adenylyl cyclase type 2 and 4 enzymes are conditionally (but potently) stimulated by free i3'Y subunits (in the presence of activated Gas)' effects which occur at physiologically relevant concentrations of i3'Y sub units (5-10 nM) (Tang and Gilman, 199 1; Federman et aI. , 1992; Taussig et aI., 1993) . Additionally, re cent electrophysiological studies have revealed that cAMP responses to i3-adrenoceptor agonists in CA 1 G� C 10m 1 h 6h 1 d 4d pyramidal cells of rat hippocampus are significantly enhanced by the stimulation of G/Go-coupled re ceptors (which liberate free �"y subunits upon stim ulation) such as GABAB receptors (Andrade, 1993) .
Since AMPA-kainate receptor channels are regu lated by PKA in this region (Greengard et al. .• 1991; Wang et aI., 199 1) and the efficacy of the AMPA receptor antagonist is observed for up to 12 h post ischemic administration (Li and Buchan, 1993) , we examined changes in the cAMP generating system in the hippocampus and focused on the late recir culation period. Similar to what has been observed in rat brain (Karbon and Enna, 1985; Pilc and Enna, 1986; Wojcik et aI., 1989; Andrade, 1993) , we found that both a GABAB agonist (baclofen) and an a 2 -agonist (UK 14,304) markedly potentiated the cyclic AMP response to isoproterenol (Figs. 1 and 2) . The most likely mechanism for the cAMP potentiation by these G/Go-coupled receptors is the liberation of�"y subunits, which can synergize with activated Gas to stimulate adenylyl cyclase type 2 in the hippocam pus. Interestingly, also similar to what has been ob served previously in rat brain (Karbon and Enna, 1985; Wojcik et aI., 1989; Widdowson et aI., 1991) , both the GABAB receptor and the a 2 -adrenoceptor agonists inhibited forskolin-stimulated cAMP accu mulation (Fig. 4B) , which likely represents the in hibition of adenylyl cyclase type 1 by Gaj and/or �"y subunits (Taussig et aI., 1993) . Following ischemia, we observed significant in creases in basal and isoproterenol-and forskolin stimulated cAMP accumulation ( Figs. 1 and 4A) . The most parsimonious explanation for these re sults is an attenuation of the function of the inhibi tory G protein (Gj) and the removal of its tonic in hibition of adenylyl cyclases. Consistent with such a contention, the inhibition of forskolin-stimulated cAMP accumulation by both baclofen (GABAB) and UK14,304 (a 2 ) was significantly attenuated at 6 h after ischemia (Fig. 4B ). To investigate further the mechanism(s) underlying these alterations in cAMP, we examined baclofen's and UKI4,304's potentiating effects on isoproterenol-stimulated cAMP accumulation; both these responses were also attenuated following ischemia, although UK 14,304 did not reach statistical significance (Fig.  3) . Taken together, these results suggest a general ized alteration of G/Go function, resulting in both a diminished inhibition of forskolin-stimulated adeny lyl cyclase activity (likely ai effects) and a reduction in the magnitude of potentiation of Gas-stimulated cAMP accumulation (13'Y effects) after transient ischemia.
We next sought to determine if the alteration in G/Go function was accompanied by changes in the levels of various G protein subunits; we did not ob serve any alterations in the levels of Gas (52, 45 kDa), Gail /2 ' Gai3' Gao, Ga q/II ' and GI3 (common) in gerbil hippocampal membranes during and up to 1 day after ischemia. This is consistent with the pre vious report demonstrating no changes in the amounts of Gail and Gao in rat cortex following decapitation-induced complete global ischemia (Takenaka et aI., 1991) . Even at 4 days after isch emia, only the levels of GI3 (common) were selec tively decreased by 28.2% (Fig. 6 ). This may be in accordance with postischemic degeneration of the CAl pyramidal cells (Kirino and Sano, 1984) , since a previous autoradiographic study has shown an ap proximately 30% decrease in eH]GTP binding sites in the CA 1 region in rats 7 days after ischemia (Aoki et aI., 1992) . Although we did not examine patho logical changes, several studies (e.g., Kirino, 1982; Kirino and Sano, 1984; Araki et aI., 1992) have demonstrated extensive degeneration of postsynap tic neuronal structures using a paradigm similar to ours; it is thus likely that the changes that we have observed in the levels of GI3 at 4 days is due at least partly to neuronal degeneration, although nonneu ronal elements may also contribute.
Although we did not observe any alterations in the levels of any of the G protein a subunits throughout the experiment, we did observe changes in toxin-catalyzed e 2 p]ADP ribosylation. CT and PT catalyze the transfer of an adenosine diphos phate ribose (ADP ribose) moiety onto the a sub units of Gs and G/Go ' respectively, and such ADP ribosylation by bacterial toxin(s) is widely used to examine qualitatively the ta,rget G proteins (Manji, 1992) . PT selectively ADP-ribosylates the undisso ciated, inactive al3'Y conformation of the G protein and can, thus, provide information about its func tional state (Moss and Vaughan, 1990) . During isch emia, e 2 p]ADP ribosylation by PT was significantly decreased, by 36.8%, in gerbil hippocampus (Fig.  8) , which is in agreement with the previous report in rat cortex (Takenaka et aI., 199 1) . The most likely mechanism is that 13'Y subunits of PT -sensitive G proteins (G/Go) are dissociated from a subunits during ischemia, resulting in a decrease in the sub strate for toxin-catalyzed ADP ribosylation.
Interestingly, PT -catalyzed e 2 p]ADP ribosyla tion recovered to control levels as early as to min after recirculation, then showed a second and pro gressive decrease throughout the experiment. To gether with the increases in cyclic AMP, these re sults suggest that transient ischemia produces a functional impairment of G/Go' thereby resulting in a sensitization of the cyclic AMP generating sys tem. Because cyclic AMP-dependent PKA modu lates AMPA-kainate receptor channels (Greengard et aI., 199 1; Wang et aI., 199 1) , this postischemic sensitization of the cyclic AMP generating system may contribute to sustained Ca 2 + influx, resulting in slowly progressive neuronal degeneration in the CAl region.
An additional mechanism for the elevation in cAMP levels warrants further discussion, namely, the possible direct modification of adenylyl cyclase activity by transient ischemia. Adenylyl cyclase type 2 is a major target for phosphorylation by pro tein kinase C (PKC), which greatly increases the basal activity of the enzyme (Jacobowitz et aI., 1993; Yoshimura and Cooper, 1993) and selectively suppresses its inhibition by Gai . Although the role of PKC in mediating post ischemic neuronal degeneration has not been fully elucidated, it is noteworthy that transient ischemia is reported to decrease total PKC activity and pro duce PKC isozyme-selective alterations in rat stri atum (Cardell et aI., 199 1; Wieloch et aI., 1991) and to alter membrane-associated PKC activity in both rat (Louis et aI., 199 1) and gerbil (Domanska-l anik and Zalewska, 1992) hippocampus. In addition, pre treatment with PKC inhibitors has been reported to prevent postischemic neuronal damage in the hip pocampus in rats and gerbils (Hara et aI., 1990) . Since PKC is activated by a variety of pathways such as phospholipase C (PLC)-13 (Fisher et aI., 1992; Nishizuka, 1992) , stimulation of PLC-I3coupled receptors following ischemia by endoge nous agonists such as norepinephrine and glutamate may indirectly lead to an increase in the intracellu lar cAMP level; this is presently speculative, how ever, and requires further investigation.
In conclusion, we have demonstrated that tran sient ischemia produces an increase in cAMP pro duction in the hippocampus, which possesses abun dant levels of adenylyl cyclase types 2 and 1 (Mons et aI., 1993) . At least one of the mechanisms under lying the increase in cyclic AMP levels appears to be an attenuation of the function of the inhibitory G protein, G;. This postischemic sensitization of the cAMP generating system may result in an activation of PKA; since PKA is known to regulate the activ ity of AMPA-kainate receptor channels, these ef fects could play a major role in sustained Ca2 + in flux, resulting in slowly progressive neuronal de generation in the CA 1 region, and are worthy of further investigation.
